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EFFECTS OF i3UN!ACEROUGH!ESS AND EtTRBE! COOKING 011

BOllIWIAH-LAYER!IRMSITION FOR 15° CONE-CXUUtOER

I!?I!IllZXFLIGRT AT MICE NUMEERS TO 7.6

By Leonard Rabb and Ml- J. Rrasnican

l?breecone-cylinder bodies were f10WQ to obtain boundary-layer-
transition data at very low ratios of wall to local.stream temperature.
Surface finishes were nminalJy 2-, 20-, and 50-microinch average rough-
ness height. The smooth-body (2-microin. surface) transition data were
in excellent agreement with previous smooth-body results. Lsminar bound-
ary layers were maintained to a local temperature ratio & 0.35 for this
body. On the two rough models, transition occurred under conditions
generally believed to be favorable for maintaining laminar flow; that
the local Reynolds numbers were either decreasing or constant and the
local temperature ratios were decreasing. This “transition reversal”
phenomenon was originally described by Jack, Wisniewski, and Diaconis
for smooth bodies and bodies with uniformly distributed roughness.

2s,

The transition data of the two rough models qualitatively confirm their
results. Turbulent heat-transfer data were in good agreement with theo-
retical turbulent Stanton numbers when heat-transfer reduction due to
tip blunting was considered.

The maximum free-stresm Mach nuder for these flights was 7.6, and
the maximmn Reynolds nuniber(uncorrected for blunt-tip effects) at which
laminar flow was observed was 46.3X106.

IN!I!ROJXJCTION

Various problems of high-speed flight have been studledby the NACA
Lewis Wboratory through the use of the free-flight technique. In par-
ticular, this technique has been used to investigate the phenomenon of
boundary-layai transition and related aerodynamic heating problems. Two
free-flight bodies of the ssme design as those used in the present investi-
gation have been flown and the results are reported in references 1 and 2.
These studies show that slender models with surface finishes of the order
0? 2-microinch average roughness can sustain laminar flow at Reynolds
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numbers as high as 50X06 (ref. 2) based.on sharp-tip local conditions.
Transition conditions agreed with wind-tunnel results (ref. 3) when the

.

local conditions were corrected for tip bluntness.

The present tests investigated the effects of surface finish on
boundary-layer transition under conditions of extreme cooling with
three models of 2-, 20., and 50-microinch average roughness height.
The smooth model (2-microin. surface) duplicated
in reference 1, but the instrumentation was more
suits of these flight tests are reported herein,
pared with previous experimental and theoretical

APPARATUS m PRocEcuRE

Apparatus

the flight reported
extensive. The re-
and the data are com-
results.

The test body shown in figure 1 is ty_picalof the three models flown
in the present investigation. The design details are given in reference
1. The test bodies reported herein are designated models 3, 4, and 5;
flight data for models 1 and 2 are reported in reference 1 and 2, re-
spectively. !kble I summarizes the physical characteristics of each
model, and table II gives the performance data of the booster and sus-
tainer rockets. The location of the instrumentation and the skin thick-
ness at each instrument statim are shown in figure 2. The instrumented
forebodes are shown in figure 3. The three models had identical instru-
mentation as follows:

.

Measurement Range

Skin temperature, % a400 to 1400
Flared-afterbody pressure,

lb/sq in. abs 1 to 15
Nose ressure,

?lb sq in. abs 1 to 275
Axial acceleration, grs o to 90
Axial acceleration, grs O to -25

aModel 4, 400° to 1600° R.

The surface finishes of the three models are listed in table III;
the methods of surface finishing and measuring surface roughness are
discussed in appendix A. Photographs and photomicrographs of the sur-
face finishes are presented in figure 4.

.

●

—.

.
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. Procedure

Each model was air-launched fran an F2H-2B airplane at an altitude
of approximately 45)000 feet and allowed to fall in a zero-lift tra-
jectory. The models were accelerated to design speed by booster sud
sustainer rockets. All the data were t=nsmitted to NACA ground receiver
stations at Wallops Island, Virginia by means of a radio-telemetering
package housed in the ccme-cylinder forebody. This procedure was identi-
cal to that discussed in references 1 and 2.

The data-reduction procedure was similar to the method described in
reference 4. However, the data herein are presented in terms of local
flow properties, which are based on an assumed static-pressure distribu-
tion for cone-cylinder bodies of revolution given in reference 5. The
local total pressure was ccmputed from the free-stresm Mach number and
the normal-shock relations given in reference 6. This procedure for cal-
culating local flow conditions was based on the method of reference 7.

R3E3UEIZSANDDISCUSSION

The primary data and the local flow conditions are discussed in
appendtx B.

Heat-Transfer Coefficients

The heat-transfer coefficients were determined from the time deriva-
tive of the measured skin temperatures and the heat capacity of the skin.
Figures 5, 6, and 7 present these coefficients as nondimensional Stanton

●

numbers St. Also shown are theoretical laminar and turbulent values of
the fRanton numbers based on the local flow conditions and references 8

* to 13.

Values of theoretical Mminar Stanton numbers are not changed sig-
nificantly by the assumptions of local flow conditions and are in good
agreement with the laminar data of models 3, 4, and 5. However, as
pointed out in references 2 and 14, tip blunting may reduce turbulent
heat transfer as.much as 40 percent. The good agreement of the turbu-
lent data of models 3 and 5 with the reduced theoretical turbulent values
(based on local flow properties) indicates that the predicted heat-
trsmsfer reduction was realized. However, the turbulent data of stations
10 and l.1of model 4 do not show such good agreement. Theoretical values
of Stanton number were based on an arbitrary reference length for

* Reynolds nuniber,which was the wetted-surface distance from the stagna-
tion point to the temperature measuring station. The local Stanton num-
bers of model 4 (fig. 6) are not presented beyond 25 seconds because thea
model had decelerated to subsonic Mach numbers. Also, scme data near
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20 seconds were omitted in figure 6 because the skin temperatures were
near peak values and heat transfer was near zero at this time. The

*—

Stanton numbers presented for station 1 of model 4 are not considered
reliable because of a heat-sink effect of the 3-pound ballast added to
the nose.

Transition
figures 5 to 7,
assumed to have

Boundary-Layer ~ansition

data were obtained frcm the Stanton numbers presented in
and are sumarized in table IV. The boundary layer was
a discrete point of transition, which was taken as the

initial deviation of the Stanton numbers from the laminar values. In
some cases (especially for model 5) the local Stanton numbers did not
indicate a distinct transition point. Eoundary-layer-transitionpoints
were observed during each flight for each staticm with the following ex-
ceptions: stations 1, 2, and 3 of model 3; station 1 of model 5j and
stations 10 and U_ of models 3, 4, and 5. Stations 10 and 11 remained
turbulent throughout each flight. The increases in Stanton nmibers that
occurred near 13 seccmds for stations 1, 2, and 3 of model 3 (fig. 5(a))
were not considered to be transition points since the Stanton numbers
returned to lsmfnar values at 13.6 seconds. ‘Also, the temperature-time
histories (fig. 27(a)) indicate that the increase in Stanton numbers may
have been the result of curve-fairing difficulties at 13 seconds.

Although the three test models experienced similar flight conditions,
they did not show similar transition points. The highly polished sur-
face of model 4 maintained a laminar boundary layer at local temperature
ratios as low as 0.35. (Two stations on model 4 indicated early transi-
tion and will be discussed later.) However, models 3 and 5 (rough sur-
face) indicated turbulent boundary layers at local flow conditions where

.

lsminar flow might be expected. Z!mnsition occurred while the ratios of
wall to local stream temperature were decreasing and the local Reynolds
numbers were either decreasing or constant.

●

This phenomenon of transi-
tion reversal is discussed in reference 15 tid is qualitatively substan-
tiated by the transition data of models 3 and 5.

Model 4 (2-microin. average roughness). - The highly polished sur-

face of model 4 maintained a lmqinar boundati layer at a ratio of wall
to local stream temperature tJt~ as low as 0.35. The transition-

reversal phenomenon was not obsened. The local tenrperatuzeratios are
shown in figure 8 as a function of the local Mach nmnber. Theoretical
temperature ratios for stability at very large Reynolds numbers from ref-
erence 16 are also shown.
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The minimum values of tw/tb occurred near peak local Mach numbers

~ical values of minimum ~/t~ and the corresponding values of

Ma, Re5, and Re= are shown in the following table:

IOcation sta- Min. Max. Re5 Re= Boundary
tion tw/t~ Ma (a) (b) layer

Cone 6 0.35 2.79 5.OOX1O6 46.30X106 Laminar
Cylinder 7 .44 3.61 2.99 26.18 Laminar
Cylinder 9 .49 3.56 4.56 41.00 Laminar

aLocal Remolds number corrected for tip bluntness.

bLocal Reynolds nuniberbased on sharp-tip conditions.

The maximum uncorrected local Reynolds number at which laminar flow was
observed was as high as 46.3X106.

The boundary layer along the cone remained laminar until tw/t5 and

l&j(fig. 8) approached the theoretical limits of reference 16. However,
stations 8 and 9 became turbulent for a short the at local conditions
that were theoretically stable to very large Reynolds numbers (fig. 8(b)).
It is unlikely that this might be transition reversal, as discussed in
reference 15, because the turbulent boundary layer becsme laminar as lo-
cal cooling became more severe. The possibility t-t momentary angle of
attack affected stations 8 and 9 is also unlikely, because the turbulent
flow occurred during the most stable part of the flight trajectory.
There is no reasonable explanation at present for the early-transition

. data of stations 8 and 9.

Figure 9 presents the variation of ~/t5 with local Reynolds num-
. hers. Smooth-body transition data from references 1, 3, and 17 are a~o

shown. Transition at all stations except the early transitions at sta-
tions 8 and 9 (fig. 9(b)) was in excellent agreement titi the reference
data.

A summary of the smooth-body transitim data of model 4 and refff-
ences 1, 3, and 17 is presented in figure 10. Converting the local
stream conditions from sharp tip to blunt tip reduced the ~esk transi-
tion Reynolds number from 32.9X106 to 11.5X106. Maximum uncorrected
Reynolds numbers of 46.3X106 were observed on the cone with a laminar
boundary layer earlier in the flight.

a
Models 3 and 5 (50- and 20-microin. average roughness}. - The flights

of models 3 and 5 were not as long as that of mcdel 4 because of”ccmponent
. malfunctions, but both models experienced tzwnsition. The local
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tempmmture ratios for models 3 and 5 are plotted against local Mach
number and Reynolds number in figures 11 to 14.

.
Minimum local tempe~-

ture ratios for models 3 -d 5 occurred at peek local Mach numbers.
Typical values of minimum %/t8 and the corresponding values of Mb,
Reb, and Rem are given in the following table:

Location sta- Min. Max. Reb Re= I!Oundary
tion t# ~ Mb (a) (b) Layer

Model 3 (50-ticroin. average roughness)

Cone 4 0.38 2.81 3.48X106 34.12X106 Turbulent
Cylinder 7 .54 3.50 3.40 25.72 Turbulent
Cylinder 9 .54 3.59 4.75 43.98 Turbulent

Model 5 (20-microin. average roughness)

Cone 0.66 2.47 3.31xlo6 13.18X106 Turbulent
Cylinder ; .86 2.84 4.02 12.92 Turbulent
C&linder 9 .81 2.98 5.54 23.58 Turbulent

aLocal Reynolds number corrected for tip bluntness.
b-al Re~olti number based on sharp-tip conditions.

Figures 13 and 14 show that tremsition occurred under conditicms
that might be expected to maintain a leminar boundary layer. The local
temperature ratios were decreasing and the ReWolds nuibers were either
decreasing or nearly constant. The values of ~/tb at transition for

models 3 end 5 were below the theoretically stable values of reference
16 (see figs. 11 and 12) and below the experimental stability-limit curve

*

for smooth balies from references 1, 3, and17 (figs. 13 and 14). Also
shown in figures 13 and 14 are some transition curves in the reversal .

region from reference 15 for similar values of local Reynolds number per
foot and surface finish. Although the data of model 3 are in excellent
agreement with the data of reference 15, uncertainties as to the true
surface finish of model 3 (see appendix A) make quantitative comparisons
doubtful. The data do confirm, however, the sensitivity of transition
to local temperature ratio rather than local Reynolds number. The same
trendis caufirmed formodel.5 (fig. 14). Eowever, the transition curve
aF the present data did not agree with the data of reference 15 (fig.
14), and further data are needed to explain the transition phenomenon in
the reversal region.

Figure 15 shows that transition reversal occurred at higher local
.4

temperature ratios for model 5 than for model 3. ~s was very surpris-
ing because the nominal surface finish of model 5 was 20 microinches as -



-.

.

NACA RM E57K19 mEE$EgE?El
. .....

— =,.~ 7

ccmpared with 50 microinches for model 3. Wind-tunnel tests (ref. 15)
have indicated that the effect of increhsed surface roughness is to raise
the temperature ratio at which reversal occurs.

The apparent inconsistency in the results of models 3 and 5 sug-
gested that the type of surface finish may be as important as the average
value of surface roughness. (See appendix fl.) The photographs in fig-
ure 4 show that the finishes of the two rough bodies were indeed dif-
ferent. Furthermore, the photographs in figure 3 and the “feel” of each
surface indicated that model 3 had a “smoother” surface than model 5.
Frcm this viewpoint, the transition data of models 3“and 5 were con-
sistent with the trend discussed in reference 15.

The temperature ratios for the transition points shown in figure 15
are higher for the cy~der stations than for those along the cone. For

example, ~/t8 for model 3 was approximately 0.65 along the cylinder and

0.45 along the cone. This trend may have been a local Mach number effect,
as Mb was greater along the cylinder than along the cone. !LKbulated

values of local Reynolds number per foot Re#ft are also given in fig-

ure 15. Decreasing Re~ft frcm cone values to cylinder values would

tend to reduce t+/tb at transition (see ref. 15). Consequentl-y,if

~/tb at transition were sensitive to lmal Mach number, the effect

would be partly masked by the change in local Re~ft around the cone-

cylinder. It should be recognized that other factors, such as pressure
gradient, may also influence transition around the cone-cylinder.

SUMMARY OF RESULTS

The smooth-body data of this report together with earlier flight
data for smooth bodies kve shown that slender boties can sustain leminar
boundary layers at very high Reynolds number (50Xl@), and extremely low
local temperature ratios (0.25). However, for the rough models of this
investigation, transition was encountered during acceleration at nearly
constant or decreasing Reynolds number with decreasing local temperature
ratio ● The adverse &fect of extreme cooling in the presence of rough-
ness has therefore been demonstrated in flight and is in qualitative
agreement with the wind-tunnel results of Jack, Wisniewski, and Diaconis.

Smooth-Body Results

u

1. The highly polished surface (2-microin. average rouglness) main-
tained a laminar boundary layer under conditions of extreme bounds,ry-
I.ayercooling. Ratios of wall to local stream temperature as low as
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0.35 were observed without transition reversal
Reynolds nunibercorrected for blunting effects
rected was 46.3X106.

2. Boundary-layer transition
der at local flow conditions that
vious smooth-body results in wind

was observed

occurring. The local .
was 5.OX1O6 and uncor-

along the cone and cyMn- .L
were h-excellent agreement with pre- 5
tumnels and flight. %

3. !bxmsition occurred at two stations very early in the flight and
at local flow conditions that were well within the theoretical stability
limits. No satisfactory ex@anation of this phenomenon is known.

Rough-Body Results

1. Two bodies of nminal surface rouglmess of 20- and 50-microinch
average roughness were flown at local conditions well within theoretical
stability limits. Transition was observed at these conditions while the
local wall-to-stream temperature ratio was decreasing and the local
Reynolds number per foot was either constant or decreasing. The boundary
layer remained turbulent at local temperature ratios as low as 0.38.

2. Boundary-layer transition at low local temperature ratios was
considered to be evidence of the transi.tion reversal phenmenon dis-
cussed in reference 15. The data indicated that average-surface-roughness
measurements were not sufficient to describe a surface for predictions of
transition in the reversal region.

3. Local Mach number may influence the temperature ratio at transi-
tion in the reversal region. Local temperature ratios at transition in-
creased from approximately 0.45 on the cone to 0.65 on the cylinder for

.

the 20-rxLcroinchsurface finish. The corresponding change in local Mach
number was from 2.6 to 3.0. The effect of local Mach number may have
been partly masked by the decrease in local Reynolds number per foot on

.

the cylinder.

4. The turbulent he&t-transfer data agreed well.with the
theoretical turbulent values based on local flow.properties.

. .

Lewis Flight Propulsion Laboratory
National Advisory Conmittee for Aeronautics

Cleveland, Ohio, December 5, 1957

reduced

.,.

:. .-. . ..-l=>.
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APPENDIX A

DISCUSSION OF MODFL SURFACE FINISH

9

The surface roughness ws measured with the Brush Surfindicator,
model BL-110, which measured the arithmetic average deviation frcm a
mesm surface in microinches, called “average roughness” in this report.
Surfaces having finishes of less than 10 microinches were checked with
an interferometer microscope, and surfaces of less than 50 microinches
were checked with a micrcmetrical surface tester. It is estimated that
uncertainties in measurement may be as high as A20 percent, although
cross-checks between the several types of instruments usually agreed
within QO percent. Observations indicated that any given surface had
small variations in average roughness. The vapor-blast technique ap-
peared to be superior to hand polishing in terms of a uniform finish.

Figures 4(a) to (e) show the macroscopic differences in surface
texture with var@ng roughness. Differences in contrast are due to var-
iations in surface illumination during photography. A qualitative “feel”
or touch of the 20- and 50-microinch surfaces indicated that the 50-
ticroinch surface of mcdel 3 felt relatively smoother than the 20-
microinch surface of model 5. Differences in polishing technique sug-
gested further investigation. Therefore, photomicrographs (figs. 4(f)
to (j)) were made. b these, there appear to be significant differences
in the physical nature of the surfaces, dependent on the mamner in which
the roughness was obtained. For example, in model 3 (figs. 4(f) and
(g)) the dark ar-s represent holes in the surface made with the initial
vapor-blast treatment (100-microin. average roughness). Successive hand

. polishing with sandpaper smoothed the rough stiace to an average rough-
ness of 50 microinches. One can see the flat areas (reflecting light)
and note that they are considerably smoother than the corresponding areas

. that were vapor-blasted to an average roughness of 20 nd.croincheson
model 5 (figs. 4(i) and (j)). Profile photomicrographs (figs. 4(k) and
(2)) of model 3 (50-microin.) indicate that the surfaces between craters
or depressions are relatively smoother and longer than those on model 5,
which was vapor-blasted to an average roughness of 20 microinches (figs.
4(n) and (o)). Consequently, average roughness height alone is not ade-
quate to describe surface finish, since different types of roughness may
yield the same average value. The kind of surface roughness, the polish-
ing technique, and the average roughness height should all be considered
important factors.

The foregoing explanaticm may account for the earlier transition ob-
. served on model 5 (20-microin. surface), which was relatively smooth com-

pared with the rougher body of model 3 (50-microin. surface). A syste-
matic investigation of the effect of type of surface as.

r
ell as the

effect of average surface roughness on transition will e required to
confirm this explanation.
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APPENDIX B

PRIMARY RATA AND LO(XL

Primary Data

The primary data for the three models

coNmTIoIvs

are presented as the his-
tories in figures 16,.to 32. The flight conditi-& of models 3, 4, and
5 were very sitilar during the accelerating part of the flight. 8

%
The accelerations shown in figure 17 were approximately 20 g’s dur-

ing the initial rocket boost stage. Acceleration during the second stage
of models 3 and 4 ranged from 55 to 70 gts. The increase in acceleration
with time was due to the reduction in weight as the propellant Imrned.
A maximum acceleration of 90 gfs was recorded for model 5 at 11.6 seccmds,

—

which is believed to have beem due to a faulty rocket motor that exploded.
The flight record stopped shortly after the peak acceleration was reached.
Data for model 3 were recorded up to the end of the-boosting period.
Large fluctuations in the acceleration data just prior to the end of the
flight [not shown in fig. 17) indicated that the model had tumbled, prob-
ably because of aerodynamic instability. A 3-pound ballast was added to
model 4, and the increased flight time is attributed to the increased
stability at peak Mach number. “Data were recorded during the boost phase

—

and during the complete coasting flight for model 4.

The maximum free-stream Mach numbers (fig. 19) were 7.6, 7.2, and 5.1
for models 3, 4, and 5, respectively. The corresponding maximum free-
stresm Reynolds number per foot for each model was 20.8x106, 18.8X106 and
lo.4xlo6 (fig. 20). Free-stresm total tem&ratures are shown in figure
21. A peak temperature of 43800 R was calculated for model 3. x-

Iacal Stream Conditions
.

Iacal stream Reynolds number per foot Re~ft and local Mach num-

ber M5 are presented in figures 22, 23, and 24 for models 3,4, and 5,
respectively. The values of Re~ft and M& are considerably less than

the free-stream values because of the hemispherically blunted tip. All
local stream conditions have been corrected for tip bluntness by the
method of reference 7. Iocal stream conditions were based on an assumed
static-pressure tistributi.onover the cone-cylinder according to refer-
ence 5. However, measured pressures were used for the flared afterbcdy
(station Kl). These pressures are shown in figure 25 as the variation
of local pressure ratio p=/po with free-stream Mach nuniber.
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.

. The local stream conditions for the three models are c~ed ti
figure 26, where Mb is platted against Re~ft. The curves are similar

for all models to the peak values of ME. AmsximutQ Mb d 3.72 iS

shown for model 3 at station 7. A calculated peak Re~ft of 6.6x106

occurred at cone stations of model 4, after the model had decelerated to
a free-stresm Mach rnanberof 2.1 at an altitude of 21,COO feet.

Local wall conditions

Time histories of the measured wall temperatures
figures 27, 28, and 29. Peak temperatures for models

are presented in
3 and 5 were con-

siderably lower than those of model 4 because of the short f~ght times
involved. The measured tempez%tures at station 1 of model 4 were con-
sistently lower than those at other stations along the cone (fig. 28(a)).
The additional ballast was located near station 1 and is assumed to have
acted as a heat sink. Consequently, the data for this station are not

: considered reliable.

2
y The ratios

~ against time in

minimum of 0.30
at station 2 of

at each station

of wall to local stream temperature ~/t~ are plotted

figures 30, 31, and 32. Values of ~/t~ range from a

at station 3 d model 3 (fig. 3C)(a)) to a maximum of 2.16
model 4 (fig. 31(a)). The local stream temperature t~

was
method of reference

.

1. Disher, John H.,

also corrected for tip-bluntness effects by the
7.
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TABLE I. . p~I~ ‘ti~ OF TWO-STAGE TEST BODI19
.

3 54

Surface finish of instrumented cone-
cylJnder, microin. average roughness

Cone
Cylinder

5C
5C

2
2

20
20

Skin material of second stage
Cone Nickel

kconel
Inconel
Inconel

Nickel
InconelCylinder

Gross weight at launching (both stages
less igniters), lb - -

Gross weight d second stage (less
igniters), lb

Gross weight of booster (with coupling
assembly), lb

Coupling assembly weight, lb
Weight of second stage at burnout, lb
Telemeter package weight, lb

Center of gravity at launching, in.
Center of gravity at first-stage
burnoutl, in.

Center of gravity of second stage after
separation~, in.

Center of gravity of second stage after
burnoutl. in.

235.5

77.0

158.5
3.0

43.28
16.0

75.85

65.1

41.74

38.4

239.2

80.0

159.2
3.0

45.7
16.2

75.46

64.7

40.70

36.8

239.2

80.0

159.2
3.0

46.1
16.2

75.46

64.7

40.43

36.3

Booster fin area (2 fins), sq in.
Second-stage fin area (2 fins), sq in.
Included wedge angle of second-stage

152.0
24.2

10

9.32
6.00
15

152.0
24.2

10

9.32
6.00
15

1!52● o
24.2

10

9.32
6.00
15

wedge fin, deg

Body dhwneter of booster, in.
.

Body diameter of second &age, in.
Included cone angle of second stage, deg
. .

‘From nose tip.

TABLE II. - ROCKETS

[Ref. 18]

[ Rocket lGross Pro-
pellant
weight,

lb

—
Burn-
ing
time,
sec

al.60

Average Enpulse, Gross-
thrust , lb-see weight

lb specific
impulse,
lb-see

a3900 a6>950 a152

Pro-
pellant
specific
impulse,

weight,
lb

lb-see
a20833.5

b3500 b21,Ooo %59 b204103.0 b5.22

aAt -20° 1?and sea level.
bA% 130° F and sea level.

‘~=-- .. ii-””-



TABLE 111. - l#Xu3L SUF@ACX FINISH

Ai’terbcdylode] Methcd of

cone fab-

dication

Method of finishing

forebody surface

wrage

mrface

m-
less,
Iicrdn,
(a)

Roughness

me+umrement

method %rPace Surface

naterid, finishcone CyUnder

3 Nickel Incauel Spun on

L3the

E@un on

lathe

Vapor-blastedto
-100 ml.crolncll-
average rOu@meSS j

hand polished with

w’et/ary 400 grade

,9&Qaper; final

@d-polish with

wet/dry 600 grade

sandpaper

Polished with suc-

cessively finer

grades of camuercial

diamlcoldlEMrb3

so

2

20

Brush Surfin-

dic.3tor, model

BL-11O

cInconel Stack fi?d.sh;
chemically
blackened

Brush Surfin-

dlcator, model

BLl10 and in-

terfercnneter

microscope

4 Inconel Inconel

1

Inconel IStcmk finish;5 Nickel i%conel Ground

on lathe

Pollshed to 2 micro-

inch - avemge

roughues E by ccnmner.

Cid. diamond paste;

vapar-blaBted to 6

microinches with

~2~-IUe6h s=dj

vapor-blasted to

fiJ3al lwlMh with

140-mesh mud at re.

duced pressure

Brush Surfin-

Cwator, model

BL-110 end

micrcmetrical

mrface tester

-

chemically

blackened

afitietic average deviation fTom mean s@ace.
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TABGE Iv. - TRM’SITIONSUMW@

stationMel Time of %1*8 % Re~ Re@t Ree comments
transition,

sec

Cone

3 ---- ---- --*- --------- --------

4 ---- ---- ---- --------- --------
---- (b)
---- Heat siok at tipmakes

6atauncertaiu
---- tb)

1

5 ---- ---- ---- --------- --------

3 ---- ---- ---- --------- --------

4 20.2 1.90 1.92 3. 67x106 6.44x1+
5 10.4 .70 2.24 1.’74 3.04

3 ---- ---- ---- --------- --------
4 19.5 1.65 2.05 5.23X1O6 6.10x106
5 9.4 .83 2.02 2.59 5.05

3 12.El 0.45 2.59 3.58X106 3.15Klo6
4 1.8.5 1.56 2.05 7.00 6.10
5 8.8 .92 1.88 3.46 3.05

3 12.8 0.44 2.59 4.41x10J35.MX106
4 19.3 1.40 2.11 8.39 6.01
5 8.8 .92 1.89 4.26 3.05

---- b)
736
506

2

3

4 725
1012 Near peak temperature
7’3.3

805
1SL2
792

874
1202
855

----
----
----

5

6 3 12.8 0.45 2.59 5.18xlfi 3.U5X106
4 19.1 1.28 2.33 9.84 5.98
5 8.8 .92 1.88 4.95 3.05 .—

6e 3 12.4 0.54 2.49 5.5OX1O6 3.34x106
4 19.1 1.54 2.13 9.87 5.98
5 8.6 .93 1.84 4.96 3.01

Cylinder I

7 3
4
5

8 3

4

5

9 3

4

5

1.2.6
18.o

4.07xlo6
8.68
4.38

5.29x1$
6.02

L
5.50
.03

6.11

2.21X16 960
4.72 1310

8.8 1.02 2.30 2.65 I 9441

12.5

{

10*4
11.3
18.6
8.7

0.65

{

,91
.87

1.10
1.03

3.00

{

2.34
2.60
2.52
2.10

2.37x106 1164

!% E
2.74 1166

1344

1

1386
1.344
1751
X561

6.58x1o6

I

7.66
6.79
U. 48
7.36

2.46xl#

1

2.86”
2.54
4.29
2.79

Iz. o

r0.0
11.3
ls.1
8.6

0.64

I
.96
.87

1.10
1.03

2.89
3.20

I
2.58
2.66
2.05 May be turbulentat

all times

aBased on variationof Stanton nuniberwith time.

%oundary layer I.auttner at all times.

●
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.

&. I 19.40 ] 19.79

a Skin thickness, tn.

rModel ?
I

180° 0.055
184°20 ‘ .056
1800 .056
181014 ‘ .057
1810211 .057
177039 f .057
0° ] .056

1
17907 I
18S17 ‘
176°13 f
185°42 f
225°

.027

.028

.03a

.029

.029

lodel 4

0.027
.030
.030
.029
.028
.026
.028

.028

.029

.029

.033

.033

(odel Z

0.055
.053
.055
.056
.057
.054
.054

.027

.028

.031

.033

.032

..—
Model Pressure tap on flared

afterbody
I

I 3 ISamedLetenoe a t3tation
11, but at 468

4 Same distanceas station
11, but at 45°

5 Same dlstame an etation
U, but at 245°

Station
!- 11

900

al Al

.60
2

1
-.---

270° p-_+7.9311-.. I

F@me 2. - lketrumentatlon locatlone and ekin thickness at each station for three test models.
.

.

.
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. -—-7 -.—.. -. . .. ...

(a) Model 3, WMnioroinch averageroughness.

C-44433 1

(b) Model 4, i!-microinch average roughness.

.

.

-= ....-. ---- ---
.

●

—— ..—

.

, (0) Mode15, ZO-mimoincha varager_ss.

Figure 3. - Photographs of hskrumentedforebodes.
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Figure 4. - Sto%ace emdprofilephotographsof mdele 3, 4, and 5.
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3oxlo-4

E

Station 1

20

— — —

——. — Theoreticalturbulent

Theoretical lamimr
(ref., 8)

10 I

o 0 0 0

3oxlo-4
I

Station 2

20 — —

10

000

0 ‘o
c

o 0 0 0 0 0 0 0 <) JOooo
()

o

I 1- — — — .
Station 3

10
0°

0

(t
n

o 0 0 0 () o 0 0 0 tb

0.
8 9 10 U lz! 13 14

Time, sec

(a) Stations on cone.

F@re 5. - be history of local Stanton ?nnuberfor model 3 (50-microin.
average roughness).
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0
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Figure 5. - Continued.
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Concluded. Stations on cone.

Time history of local Stanton number for model 3
roughness).
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9m

—— —.

2opo-4 I

Theoretical.
(.’efs.12

i’heoretical
(refs. 10

‘R-anSition

turbulent
and 13)
laminsr
ad 11)

k
Station 7

— -q@ 2U—.

10
0

0

b () c~!

o

0( ,) o 0 0 0
OL

2oxlo-4
I

Station 8

10- 0
0

0

() n ()
o 0 0 0 ?

o 0 u
0

2OX1O-4
1

Station 9

— —— _

10
00()0000(,0

0
()

0 0
()

(> u 0
n

00
O* () 0

8 9 10 11 X2 13 14
Time, sec

(b) Stations on cylinder and flsred afterbody.

Figure 5. - Continued. Time history cf local
(50-microin.average roughness).

Stsaton number for model 3
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2OX1O-4.

YACA RM E57K19

I I I [.—— Theoretical turbulent
(refs. 12 and 13)

Theoretical lsminar

Stat

—.

o

In10

— — — o-—~
0 ()

0

(ref. 8} I

2QX10-4 1 1 1 I I

I
I ——. Theoretical turbulent

Station 11 (refs. 9, 12, and 13)
— Theoretical laminar

o 0 ~— —— — —. (ref. 8)
o

10J
c~o

o J
8 9 10 n 12 13

Time, sec

(b) Concluded. Stations on cylinder and flared ef’terbody.

Figure 5. J Concluded. Time history of local Stanton number
for model 3 (50-microin.average roughness).
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, , I
——- !Ymxwtl.mlturbulent

(ram. 9, 12, end 1s’
25XI0 — Woretiml lminar

(rpf. 8)

r!

---

I I
20

I I
I , 1 ,

Btatlm 1 0
0( ,On

00

15
>

10

5
0

00< )00 o- ,
0( lot ,0 ~

o
$ 0 0 Oo t-h

26?I1O-4
I

statilorls

20 .

10

5 — —(

o
6 8 10 12 14 16 18 20 22 24 26

The, eec

(a) Stations cm done.

F1OUW 6. - Time hlntory of local Stmton number far ❑odal 4 (2-miamin. averege rougbneaa ).
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2oKlo-4. I u
Station 5

,.

15

00( )
10 c>00

u
o 0 Q“,

5
()“

Ooc ~- ~ += ~ w %) 0( > 0( > 0
0

us # ON

i
—

3oxlo-4-
—— — Theoretical turbulent

25
~rege=:i L&g 13) o

(ref. 8)

20 I
o

Transltlon
stat1on 6 0

15
0- --- -— (bo

0(
10

}00
n

(9’‘

5
- ~

0 00< )00 ~ ) u
?

O( JO( )0
1

0 5) 0 O? OQ “

15 — — — — — — — — — — ~ — —

station 6a .

10
00< >

5
4 +

o I
6 6 10 12 . 14 16 3.s 20 22 24 A3

The, sec

(a) Concluded. StAtlcrIson aone.

Figure 6. - Continued. Time histary of 100al Stanton number for model 4 (2-miorOln. average rcushness).
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I
I I I I——..-.— Theoretlaal turbulent

(ref.. 12 and 13)
— TtteOretlnallaminar

20%10-4 (ret%. 10 and U)

statIon 7 1 -sition o
15— — - — — — -— . — — — —. -_ 0

10 3

5
(

0 1

2QX104. I
Station 0

0 0

15 — —_ .— — 0— — — — -
10 x c)

0
5 (> $ n

Oa 0
,.

0( ) c> 0( )0( )0 L 8.
0 5 Y

25X104.

Stat:.0. 9

20 + n

o 0

M
o? ba 0< )“— — —- —_ _ u

— — — %0 –—A>
10 0 — -

0 0 -
() 0 0 0

5 a tJo< ) Qt)
7 0 A + ,~ 0 on

0 I a

20rlo~
c5 I m
Station 10 0 ~c’o’ ~

15 n n o
-. ._ o u

— —- -_ __ ._ —

10

5

0 t I t

25.lo~. 1
Statlon 1~

26 n o n o
u

()

15
— — —- .—. __ I

— — — Meoretlcal twbulent

10 (refs. 9, 12, and 13)
— Theoretical laminar

(ref. 8)
5

0
6 ~. 10 12 14 16 16 20 22 24 26

Figure 6. - Conoluded.

Time, sea

(b) Stations on oyliwier and flared afterbody.

Tima history of local Stenton number for model 4 (2-mlcroin. average roughness ).
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t
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.
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Figure 7. - lame history of 100al Stantcm number for mociel5 (20-mforoin.average roughneus).
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(a) Stations on cone.
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Fww?e 9. - vari~tlm of local temperature ratiowith local WWIolda number for model 4 (2-aioroin. Fm’erage rgs~ ).
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Refs. 1} 3, aud 17

M&l 4 data based on local

s--tip conditions
Wdel 4 data corrected for

local blunt-tip conditlona 4

0 4 8 12 16 20 24 28 32 36x10ti

Transition Reynolds number

Figure 10. - Comparison of transition Reynolda numbers and local temperature ratios of

model 4 (2-microin. average roughness) with data from other Investigations.
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Laminar
Turbulent flow
Theoretical stability

limits (ref. 16) t-i
TransitIon

Increasing time t-l
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I

Station 3
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—

1 I

i

I I I
Stations 6 and 6a

1 2 3
Local Mach number, M6

on cone.

35

1
Station 11

flfl

40
\ . _.
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A
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(b) StatIons on cyllnder
and flared afterbody.

Fimn?e 12. - Variation of local temperature ratio with local Mach number
~or model 5 (20-microin. average roughness).
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Figure 20. - Time history of free-stream Reynolds number per foot for models 3, 4, and 5.
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